The expression and localization of mRNAs for tissue plasminogen activator (tPA), urokinase PA (uPA), uPA receptor (uPAR) and inhibin subunits, α, β A and β B in monkey testes was investigated. Using in-situ hybridization with digoxigenin-labelled cRNA probes (dig-cRNA), we demonstrated that tPA and plasminogen activator inhibitor type 1 (PAI-1) were expressed in testes of both immature and mature rhesus monkeys. tPA mRNA was localized predominantly in Sertoli cells. Expression level was low in immature testis, increased dramatically in the adult and varied with seminiferous cycle. PAI-1 mRNA was localized mainly in germ cells except late spermatids. uPA mRNA was expressed stage-specifically in Sertoli cells of adult testis. uPA receptor mRNA was localized in germ cells of mature testis but not in spermatogonia or late spermatids. Assayed by fibrin overlay technique, PA activity in conditioned media of purified Sertoli cells (Sc) was negligible, PA activity in media obtained from co-cultured Sertoli and Leydig cells (LS), however, was significantly increased, although Leydig cells alone were not capable of producing any PA activity. Addition of follicle stimulating hormone (FSH) to the incubation medium remarkably increased PA secretion in both Sc and LS cultures. Human chorionic gonadotrophin (HCG) had no significant effect on PA activity in the Sc culture but dramatically stimulated PA activity in the co-culture system. Dihydrotestosterone (DHT) did not mimic the effect of HCG. PAI-1 activity was secreted mainly by germ cells and did not differ between the two culture systems. FSH and forskolin inhibited PAI-1 secretion. Inhibin α, β A and β B subunit mRNAs were localized in Sertoli cells of adult monkey testes, with no obvious difference in the expression levels. These data suggest that PA/PAI-1 and other related factors are expressed in rhesus monkey testis under the control of various hormones, seminiferous cycle and cell-cell interactions through paracrine or autocrine regulation. Locally generated fibrinolysis may play an important role in the process of spermatogenesis.
Introduction
seminiferous tubule segments at stages VII and VIII secrete larger amounts of PA than those at other stages, suggesting Mammalian spermatogenesis is a complicated cyclic process that PA activity may be involved in the process of migration of which takes place in the seminiferous tubules. The continuous preleptotene primary spermatocytes through the tight junctions nature of germinal cell development and cycle of seminiferous between Sertoli cells and also in the process of spermiation, epithelium indicate that interactions between the Sertoli cells both of which take place at stages VII-VIII. PA inhibitor type and germ cells are dynamic and require a rapid rate of tissue 1 (PAI-1) is the most important inhibitor of PA. It can neutralize remodelling (Griswold, 1995) . Production of plasminogen PA activity by formation of PA-PAI complexes and thus activator (PA) (Lacroix et al., 1977; Liu et al., 1995a) and PAI-1 is also a primary regulator of plasminogen activation other protease activities by testicular cells may be needed (Loskutoff et al., 1988) . Rat (Hettle et al., 1986) and mouse for several aspects of tissue remodelling associated with (Liu et al., 1993) testes are both capable of producing PAI-1 translocation of spermatocytes, degradation of junction comand germinal cells are the main source of PAI-1 mRNA (Zhou plexes, and release of mature spermatozoa into the lumen of and . Liu et al. (1995b) have reported the secretion the tubule. PA, a serine protease, is the key factor in initiating and hormonal regulation of tissue PA (tPA) and PAI-1 by extracellular proteolysis by catalysing conversion of plasmincultured infant monkey testicular cells and suggested that ogen to plasmin (Mignatti and Rifkin, 1993) . Sertoli cells are proteolytic activity in testis generated locally by precisely the chief source of PA in rodent testis (Lacroix et al., 1977) .
balanced expression of PA and PAI-1 may be controlled by PA secretion is under control of seminiferous cycle (Vihko testicular cell-cell interactions through paracrine action (Liu, et al., 1984) , hormones (Liu et al., 1993 (Liu et al., , 1995a Tolli et al., Y.-X. et al., 1996) . 1995) and cell-cell interactions (Liu, Y.-X. et al., 1996) . It Inhibin and activin are biochemically related proteins and has been shown that rat (Lacroix et al., 1981; Vihko et al., 1984; Toppari et al., 1986) and mouse (Liu et al., 1995a) are thought to play an important role in paracrine regulation Krummen et al., 1994 demonstrated in testes of embryonic (Roberts and Vale, 1991) , in 2ϫ SSC, 2 h; 1ϫ SSC, 2ϫ30 min and at 40°C in 0.1ϫ SSC for prepubertal (Feng et al., 1989; Keinan et al., 1989; Krummen 2ϫ15 min. The hybridized probes were detected using alkaline Winter et al., 1994) , and adult rats (Feng et al., phosphatase-coupled anti-dig Fab fragment. Colour reaction was 1989; Keinan et al., 1989; Krummen et al., 1989; Bhasin developed by incubation with Nitro Blue Tetrazolium (NBT) and 5-et al., 1989; Kaipia et al., 1991) . Production of inhibin and bromo-4-chloro-3-indolyl phosphate (BCIP) in colour development buffer (100 mM Tris/150 mM NaCl/50 mM MgCl 2 , pH 9.5). The activin in adult testis may be regulated by, and impact upon, reactions were terminated by immersing the slides in 0.1 M EDTA.
germ cell development in a paracrine manner. Inhibin and activin may also regulate Leydig cell testosterone production Cell preparation and culture (Hsueh et al., 1987; Lin et al., 1989) , Sertoli cell morphology
All procedures were performed under sterile conditions. Freshly and spermatogonial proliferation (Mather et al., 1990) . Howremoved testes of infant monkey were separated from the tunica ever, little information is available regarding the localization albuginea, minced and incubated as described previously (Liu and or expression of inhibin and activin in primate testis. Dahl, 1988; Liu et al., 1995b) . Briefly, the minced testes segments
In the present study we have investigated localization and were incubated at 35°C in McCoy's 5a medium (modified without regulation of tPA, uPA, uPAR, PAI-1 as well as inhibin and serum; Sigma, St. Louis, MO, USA) containing 0.5 mg/ml collagenase activin subunits in rhesus monkey testis.
and 5 µg/ml DNase I (Gibco BRL, Gaithersburg, MD, USA) for 30 min with shaking; the digested tissues were then allowed to stand for 3 min at room temperature to precipitate the tubule segments.
Materials and methods
The cells in the suspension (regarded as Leydig cells, Liu et al., Animals and tissue collection 1995) were carefully removed by a Pasteur pipette and filtered. The preciptated tubule segments were further incubated several times Infant (aged 18-24 months) and adult male rhesus monkeys were (ϫ 20 min) in fresh McCoy's 5a medium containing 0.5 mg/ml provided by Beijing Biomedical Institute, China. Testes were collected collagenase, 0.5 mg/ml hyaluronidase (Sigma) and 5 µg/ml DNase I from animals which had been freshly killed for other purposes, and and agitated by repeated pipetting to remove remaining interstitial embedded in Tissue-Tek O.C.T. compound (Miles Inc., Elkhart, IN, cells and peritubular myoid cells. The tubule segments were washed USA), rapidly frozen in n-hexane at -80°C and stored at -80°C several times, filtered and further digested in a solution containing until use. 0.5 mg/ml collagenase, 0.5 mg/ml hyaluronidase and 5 µg/ml DNase Probe preparation I for 40 min during which the segments were dissociated into a cell suspension by repeated pipetting. The resultant cells (regarded as Single-stranded RNA probes for in-situ hybridization were prepared Sertoli cells) were collected by centrifugation and the cell numbers from cDNA fragments. The preparation of plasmid vector containing were determined by Trypan Blue exclusion test. The Sertoli cell cDNA fragments of monkey tPA and PAI-1 was reported previously preparation was contaminated by Ͻ2% of Leydig cells and 5% of (Liu et al., 1995b) . Monkey urokinase PA (uPA) and human uPA peritubular myoid cells (Liu et al., 1995a) . receptor cDNA were provided by Dr Ny (Umeå University, Sweden) Sertoli cells alone (1ϫ10 6 cells/well) or Sertoli (0.8ϫ10 6 ) plus and Dr Dano (Finsen Lab, Copenhagen, Denmark) respectively. Leydig (0.2ϫ10 6 ) cells (1ϫ10 6 cells/well in total) were seeded in Inhibin α, β A and β B subunits were kindly provided by Dr Hsueh culture wells containing 1 ml McCoy's 5a medium supplemented (Stanford University, CA, USA).
with 5% calf serum, 2 mM L-glutamine, 100 IU/ml penicillin and Digoxigenin (dig)-labelled RNA transcripts of antisense and sense 100 µg/ml streptomycin sulphate. The cell cultures were maintained strands were synthesized from linearized plasmids by in-vitro tranat 35°C under a water-saturated atmosphere of 5% CO 2 and 95% air scription with dig-UTP (dig-RNA labelling kit; Boehringer Mannheim for 16 h. The cells were then washed and further incubated for 48 h GmbH, Germany). The labelled UTP is incorporated into the tranin 1 ml serum-free McCoy's 5a medium either alone or in the scripts at approximately every 20-25 nucleotide, which is most presence of one of the hormones: FSH (100 ng/ml); HCG (100 ng/ appropriate for its detection by anti-dig antibodies (Boehringer ml); forskolin (FK; 10 -4 M); dehydrotestosterone (DHT; 10 -6 M); Mannheim). Restriction endonucleases were purchased from Promega FSH ϩ HCG; or FSH ϩ DHT. The media were collected by (Madison, WI, USA).
centrifugation and assayed for PA and PAI-1 activity. In-situ hybridization SDS-polyacrylamide gel electrophoresis (SDS-PAGE) Cryosections of 15 µm were cut using a cryostat (-20°C) and thawmounted onto poly-lysine coated glass slides. The slides were airtPA, uPA and PAI-1 were assayed in cell-conditioned media following fractionation by SDS-PAGE according to Laemmli (1970) with dried and fixed in 4% paraformaldehyde (Merck, Darmstadt, Germany) in phosphate-buffered saline (PBS). Following fixation, sections were modifications (Liu et al., 1986) ; 150 µl cell-conditioned medium containing a final concentration of 2.5% SDS for PA activity assay digested with 0.2 M HCl for 25 min at 37°C, incubated in PBS containing 0.3% Triton X-100 for 15 min, rinsed in PBS and fixed or 2.5% SDS and 12.5 mM dithiothreitol for PAI-1 activity assay was placed in each well of the gel chamber. Electrophoresis was again in 4% paraformaldehyde for 5 min. After washing three times in PBS, the sections were incubated in 0.1 M triethanolamine performed at 100 V for 30 min and then at 50 V for~16 h, until the dye front reached the bottom of the gel. After electrophoresis the containing 0.25% acetic anhydride for 15 min to reduce background and then prehybridized in a solution containing 2ϫ SSC (0.3 M gels were washed twice in a solution of 2.5% (v/v) Triton X-100 for 45 min to remove SDS, prior to analysis on fibrin gels. NaCl/0.03 M Na 3 -citrate) and 50% deionized formamide for 2 h at 
Fibrin overlay method Statistical analysis
All experiments for in-situ hybridization and PA-PAI-1 activity The fibrin-agar indicator gel was prepared based on a method were repeated at least three times. Figures show one representative developed by Granelli-Piperno and Reich (1978) with modifications experiment from three similar results. (Ny et al., 1985) . The fibrin-agar gel contained 25 µg/ml plasminogen as the zymogen for PA. Fibrinogen (2.4 mg/ml) and thrombin (0.5 IU/ml) were also added to allow the formation of fibrin as the detected in the sense probe group ( Figure 1C and F) . PAI-1 PA and PAI-1 activities were photographically recorded by using dark-field illumination.
mRNA was localized mainly in germ cells (Figure 2A , B, D Figure 2 . In-situ hybridization of digoxigenin-labelled antisense plasminogen activator inhibitor type 1 (PAI-1) cRNA to germ cells (Gc) of infant (A and B) and adult (D and E) rhesus monkey testes. C and F are the control groups of in-situ hybridization of digoxigenin-labelled sense PAI-1 cRNA probe to the infant and adult testes respectively. Original magnification: A and D ϫ320; B and E ϫ650.
and E). Slight staining was detected in Sertoli cells. The
However, no obvious difference in levels of expression of these three subunit mRNAs in the Sertoli cells was noted. expression level was similar in infant (A and B) and adult (D and E) testes. No detectable amount of PAI-1 mRNA was Regulation of PA and PAI-1 activities by hormones observed in the interstitial cells. C and F served as the sense and cell-cell interactions probe negative controls.
As shown in Figure 3 , uPA mRNA was expressed stageIn addition to looking at localization of mRNAs for the PA specifically in the Sertoli cells of adult testis (A and B), but and PAI-1, regulatory effects of various hormones or cell-cell not in infant testis (not shown). C served as sense probe interactions on PA/PAI activities by testicular cells was also negative control. mRNA for uPA receptor was localized in studied by using a co-culture system of Sertoli and Leydig germ cells (GC) of mature testis, as shown in Figure 4 . cells from rhesus monkey. As shown in Figure 6 , PA existed The expression levels differed among germ cells at different in the conditioned medium mainly in the form of PA-PAI-1 developmental stages.
complexes (CPX) . No detectable free tPA or uPA activity was measured. PA activity in the form of PA-PAI-1 complex as In-situ localization of inhibin subunit mRNAs in secreted by Sertoli cells (Sc, C, 1ϫ10 6 cells) alone was low. rhesus monkey testes PA activity in the media collected from the co-cultured Sertoli and Leydig cells (LS, C, Sertoli cells plus Leydig cells, total Inhibin and activin are important paracrine regulators in testis. To examine the possible relationship between their subunit 1ϫ 10 6 cells), however, appeared to be considerably increased. Addition of FSH to the culture increased PA secretion in both expression and seminiferous cycle-specific spermatogenesis, in-situ localization of inhibin α, β A and β B subunit mRNAs Sc and LS cultures, whereas HCG had no effect on the PA activity in the Sc culture alone, but dramatically stimulated was examined in the adult testes of rhesus monkey. As shown in Figure 5 , the mRNAs for α (A and B), β A (D and E) and PA activity in the co-culture system. Forskolin (FK) alone or with HCG also increased the PA activity in the Sc culture, but β B (G and H) were expressed mainly in the Sertoli cells (Sc). Discussion dihydrotestosterone (DHT) had no effect on the PA activity, whether alone or with FSH. PAI-1 activity was secreted mainly Numerous studies have demonstrated that rat (Lacroix et al. , by germ cells present as contaminants (Figure 2 ) and showed 1977; Vihko et al., 1984; Hettle et al., 1986) , mouse (Liu no apparent difference between the two culture systems as et al., 1993) and monkey (Liu et al., 1995b) testes are capable shown in Figure 7 . FSH and FK inhibited PAI-1 secretion in of producing PA and PAI-1. In this study, we have further both cultures, whereas HCG also had an inhibitory effect on localized the genes expressing these molecules in the testes. The localization and expression pattern of tPA and PAI-1 PAI-1 activity, but only in LS culture. mRNAs in rhesus monkey testis were similar to that in rat production. In adult testis, FSH may contribute to the maintenance of high levels of tPA production. The obvious difference . Regulation of tPA expression is mainly at the level of transcription , the exception in levels of tPA expression between infant and adult testis also suggests that tPA may play an important role in spermatogenesis being translational control of tPA mRNA in mammalian oocytes (Huarte et al., 1987b) , and the regulated secretion of of the mature testis. This finding is consistent with our previous studies which showed that both rat and mouse testicular tPA by endothelial cells (Schrauwen et al., 1994) . Thus, the change of tPA mRNA activity with the seminiferous cycle in segments at stage VII and VIII produced higher levels of tPA and uPA activities, while tPA, but not uPA activity was, the testis suggests a stage-specific variation of tPA activity within the testis. This deduction is consistent with the data however, significantly stimulated by FSH and cAMP (Liu et al., 1995a) . obtained in rat (Lacroix et al., 1981; Vihko et al., 1984; Toppari et al., 1986) and mouse (Liu et al., 1993) using In the present study, we demonstrated for the first time that testicular germ cells express uPA receptor mRNA, whereas other techniques. It is relatively difficult to obtain separated seminiferous tubules at a certain stage from monkey testis Sertoli cells express uPA mRNA in a stage-dependent manner. Mouse (Huarte et al., 1987a) and human (K.Liu et al., 1996) because of the compact structure of the interstitial region. Thus, the data obtained by in-situ hybridization is important spermatozoa have been reported to be capable of binding uPA with a species-specificity, similiar to other cell types bearing evidence concerning the stage-specific expression of PA activities in monkey testis.
uPA receptors. Our finding provides further evidence for the existence of uPA receptor on male gametes. The stageLow amounts of tPA mRNA were detected in infant monkey testis. FSH can stimulate Sertoli tPA activity dramatically, specifically expressed uPA in Sertoli cells may bind to its receptor on germ cells and act as serine protease, or as growth suggesting a close correlation between FSH and Sertoli tPA and peritubular cells (Hettle et al., 1988) and Sertoli cells are also capable of expressing PAI-1 mRNA (Liu, Y.-X. et al., 1993 (Liu, Y.-X. et al., , 1995b (Liu, Y.-X. et al., , 1996 . This is consistent with the results we obtained from immunocytochemistry and Northern blot analysis (Liu et al., 1995b) . Together with our similiar results in rat , they suggest a germ cell origin for testicular PAI-1, in addition to the peritubular and Sertoli cell origin (Liu et al., 1995b) .
Germ cells present as contaminants in the Sertoli cell culture may be the main source of PAI-1 activity measured in the conditioned media. Large amounts of PAI-1 can neutralize PA activity existing in the free form in the medium, so that PA detected in the media should be mainly in the form of the high molecular weight PA-PAI complexes (Hart and Rehemtulla, 1988; Saksela and Rifkin, 1988) . On the basis of data suggesting that both tPA and uPA mRNA are localized mainly in Sertoli cells (Lacroix et al., 1977; , 1995a ,b, 1996 Tolli et al., 1995) , Saez et al., 1989; Saez, 1994) . Furthermore, the stimulaof incubation the media were collected, the PA activity in the medium was determined by fibrin overlay technique. CPX indicates tory effect of HCG on PA activity in LS culture but not in Sc the presence of PA-PA inhibitor type 1 (PAI-1) complexes.
culture, suggests the existence of a paracrine regulator in Leydig cells alone, which have HCG/LH receptors (Skinner, 1991) . As neither androstenedione, testosterone (Liu, Y.-X. et al., 1993 (Liu, Y.-X. et al., , 1996 nor DHT were able to mimic the effect of HCG, the Leydig cell-originated regulatory factor(s) for Sertoli PA activity may not be in the form of androgen-like substances.
PAI-1 activity did not show any apparent differences between the two culture systems, suggesting that secreted PAI-1, mainly from germ cells, is not sensitive to regulation by SertoliLeydig cell interactions. The observed inhibitory effect of FSH and FK on PAI-1 secretion in the culture may be mediated indirectly by Sertoli PA activity.
Inhibin and activin are important intratesticular paracrine regulatory factors (Gonzales et al., 1989; Keinan et al., 1989; Krummen et al., 1989; . Our studies indicate that mRNAs of all three inhibin subunits are mainly localized in Sertoli cells of adult rhesus monkey. These data suggest that adult monkey testis is capable of secreting both inhibin and activin (1992), who demonstrated that rat Sertoli cells are the main source of inhibin subunits. Vliegen et al. (1993) have reported, however, that both Sertoli and Leydig cells of adult primates factor through activation of signal transduction pathways by uPA receptor . uPA present in epididymal fluid are able to express inhibin α subunit. The discrepancy between our results and those of Vliegen et al. (1993) may arise from and seminal plasma may also partially bind to the surface of the spermatozoa and participate in the local proteolysis which the limited sensitivity of the dig-cRNA probe and the detecting methods used. The amount of inhibin subunits expressed in may be important in the processes of sperm maturation, storage and fertilization.
Leydig cells may be too low and beyond the detection limits of the dig-system. Testicular PAI-1 mRNA is localized mainly in germ cells
